An intense red phosphor, CaYAlO 4 :Mn 4+ , was developed by solid state reaction. The photoluminescence excitation and emission spectra, concentration effect, thermal-dependent luminescence quenching properties and decay curves are investigated. The results show Mn 4+ ion exhibits a broadband excitation extending from 250 to 550 nm and emits an intense red light at 710 nm with high color purity and stable chromaticity coordinates. These results demonstrate that Mn 4+ ion can play a role of activator in narrow red emitting phosphor potentially useful in UV (~370 nm) GaN-base or Blue (~460 nm) InGaN-base LED.
Background
Nowadays, phosphor-converted (pc-) white LEDs are attracting significant attention [1] [2] [3] . They can be classified into two approaches: blue (440~470 nm) InGaN and near (n)-UV (350~420 nm) GaN chip combined with phosphors. Recently, the commonly commercial white LED is based on the combination of blue InGaN chip and yellow YAG: Ce 3+ phosphor. However, such white LEDs encounter low color-rendering index (Ra < 80) due to the scarcity of red emission [4] [5] [6] . Red emitting phosphor is one of key tricolor luminescent materials for white LEDs. Up to now, many researchers have been done on Eu 3+ [7] [8] [9] or Sm 3+ [10] [11] [12] ion doped phosphors. Unfortunately, the red phosphor doped by Eu 3+ or Sm 3+ show weak absorption peaks at about 400 nm or 460 nm because the 4f-4f absorption transitions are forbidden by the parity selection rule and its optical oscillator strength is small. Furthermore, the price of rare earth is quite high. Furthermore, some nitride based phosphors have been developed to increase the color index, or create warm-white lighting [13] [14] [15] Measurements: The phase purity of the prepared phosphors was investigated by a Rigaku D/max-IIIA X-ray Diffractometer with Cu Kα radiation (λ = 1.5406 Å) at 40 kV and 30 mA. The XRD patterns were collected in range of 10°≤ 2θ ≤ 80°.
The photoluminescence (PL), photoluminescence excitation (PLE) spectra, temperaturedependent PL spectra and the decay curves at room temperature were measured by FSP920 Time Resolved and Steady State Fluorescence Spectrometers (Edinburgh Instruments) equipped with a 450 W Xe lamp, a 100w μF920H lamp with a pulse width of 1~2 μs, a repetition rate of 50 Hz and the lifetime range of 100 μs~200 s, TM300 excitation monochromator and double TM300 emission monochromators, Red sensitive PMT and R5509-72 NIR-PMT in a liquid nitrogen cooled housing (Hamamatsu Photonics K.K). The spectral resolution is about 0.05 nm in UV-VIS.
For the high temperature PL spectra in 300-500 K, the powder sample was mounted in an Optistat DNV actively cooled optical cryostat with an ITC601 temperature controller.
The powder diffuse reflection spectra (DRS) of these samples were measured on a Cary 5000 UV-vis-NIR spectrophotometer (Varian) equipped with double out-of-plane Littrow monochromator, using polyfluortetraethylene as a standard reference in the measurements.
The room temperature quantum efficiency (QE) of the sample was measured using a barium sulfate coated integrating sphere (150 mm in diameter) attached to the FSP920.
Results and discussion
The XRD patterns of CYA: Mn The PLE and PL spectra of CYA: Mn 4+ 0.001 are showed in Figure 3 . The PLE spectrum contains two broad bands at 250-420 nm and 420-550 nm, which can be attributed to 4 Figure 4 that the emission intensity of Mn 4+ ion at 710 nm initially increase, then reaches a maximum at x = 0.005 and decrease due to concentration quenching. It is interesting that the chromaticity coordinates of CYA: Mn
4+
x are almostly the same with the change of Mn 4+ ion dopt content. The inset of Figure 4 gives the chromaticity coordinates of CYA: Mn 4+ 0.005 under 370 nm excitation. The color purity of the point in spectrum locus is 100%. So the color purity of phosphor CYA: Mn 4+ is near 100%.
The QE of phosphor CaYAlO 4 : Mn 4+ was recorded using an integrating sphere attached to the FSP920. QE is defined as the ratio of the number of emitted photons (I em ) to the number of absorbed photons (I abs ), and can be calculated by the following equation [22] . where E R , E S are the spectra of the excitation light without and with the sample in the integrating sphere, respectively, and L S is the luminescence emission spectrum of the sample in the integrating sphere. The QE of the CYA: Mn 4+ 0.005 was measured and calculated to be about 26% and 28% under 335 nm and 460 nm excitation, respectively.
The luminous efficiency of the radiation (LER) is an important parameter which shows how bright the radiation is perceived by the average human eye. Figure 5 shows the nonalized spectral eye sensitivity cures for photopic vision and spectrum of phosphor CYA: Mn 4+ 0.005 . It can be caculated from the emission sepctrum as: [23] .
Where V (λ) and I (λ) are eye sensitity cure and phosphor emission spectrum respectively. The LER of the CYA: Mn 4+ 0.005 is 3 lum/w which indicates the phosphor is too red for general lighting . However, it may be a promising phosphor for other artificial lighting applications, such as in plant photomorphogenesis [24] .
For LEDs application, the thermal stability of phosphor is one of the important factors. Figure 6 shows the PL spectral (λ ex = 370 nm) of CYA: Mn 0.005 decreases as the temperature increases from 300 K to 460 K. The integrated emission intensity at 100 and 150°C remain about 70% and 50% when compared to room temperature. The above results mean this phoshor has a good thermal stability and is a candidate for pc-LEDs. decay behavior can be expressed asfollows: [25] .
where I and I 0 are emission intensity, A is constant, t is time and, τ is decay time for exponential component. 
Conclusion
In summary, a series of CaYAlO 4 : Mn 4+ red phosphors with good thermal stability were investigated. Mn 4+ ion gives an intense red light at 710 nm with high color purity and intense broad absorption in UV and blue range. We demonstrate that it can be a useful red phosphor for LEDs, combined with blue (440~470 nm) InGaN and near (n)-UV (350~420 nm) GaN chip.
Abbreviations LED: Light-emitting diode; PL: Photoluminescence; PLE: Photoluminescence excitation; CYA: CaYAlO4; CN: Coordination number; LERm: Luminous efficiency of the radiation.
